It is essential to assess the weldability of newly developed steels, which are candidates for manufacturing vehicle autobodies. This work aims to study the weld processing and weld mechanical performance of a 1-GPa grade, transformation-induced plasticity steel. It also tried to disclose the relationships between the thermophysical properties of the alloy and its response to the resistance spot welding process. The rich chemistry and complex thermomechanical processing of the alloy result in changes to its thermophysical properties. It was found that the steel had higher electrical resistivity and lower heat conductivity in contrast to the conventional low carbon steels, resulting in more weld penetration depth. The special thermophysical properties of the alloy also allowed for nugget formation at lower welding currents. Due to the enhancement of the metallurgical bond induced by the weld penetration, the weld samples exhibited more load bearing and energy absorbing capacities in the tensile-shear tests in contrast to the conventional and high-strength steels (HSS). The relationships between the sheet intrinsic properties, metallurgical bond characteristics, and mechanical responses of the welds are disclosed here. In studying the mechanism of the nugget formation and growth, it was seen at high heat input conditions, the rates of the nugget growth and penetration were almost unchanged, an indication of the balance between the heat generation and heat transfer by the water-cooled electrodes. The results indicate a higher nugget penetration depth was obtained in the resistance spot welds of 1-GPa grade, transformation-induced plasticity steel in contrast to those of conventional low-carbon steels. This was a key factor in limiting the nugget size because the higher nugget penetration depth reduced the distance between the water-cooled electrodes and molten nugget, and thus enhanced the efficiency of the heat transfer by the water-cooled electrodes. The welds showed high load and energy bearing capacities; however, the size of the weld button in the tensile experiments was less than the corresponding nugget size. It was seen that both cross-tension and tensile-shear strength of the welds increased with the nugget size, but their ratio (ductility ratio) decreased at high welding currents. This can be an indication of the existence of the weld discontinuities, inhomogeneities, and stress concentration factors in the welds obtained at high-heat input conditions, which need to be assessed with more detail.
Introduction
To address the challenges facing the automotive industry, such as CO 2 emissions and safety, steelmakers tried to develop advanced highstrength steels (AHSSs) with a highimpact energy absorption capacity, enabling the use of thinner gauges in the autobodies (Refs. 1-4). In this approach, dual phase (DP) (Ref. 5 ), twinning-induced plasticity (TWIP) (Refs. [6] [7] [8] , transformation-induced plasticity (TRIP) (Refs. 9, 10) steels have been developed (Refs. 11, 12) . These steels benefit from different strengthening mechanisms for simultaneous enhancement of strength and toughness. This synergy allows for the manufacturing of lighter and safer autobodies (Ref. 2).
However, due to their rich chemistry and high-carbon equivalent and special thermomechanical processing, and thus susceptibility to the restoration and segregation phenomena, the smart design of a weld process was crucial for obtaining quality welds. Although remelting induced by welding schedule changed the smartly designed microstructure of AHSS into the as-cast microstructure, the reheating also can induce some significant consequences in the heat-affected zone (HAZ), affecting the mechanical performance of the welds. Therefore, these steels had more welding problems (Ref. 13) in contrast to the highstrength steels (HSS) and conventional low alloy steels. Recent research results indicated the steels with richer chemistry, more complicated thermomechanical processing, and higher strength had less weldability and more susceptibility to welding problems (Refs. 2, 13, 14), implying the significant importance of the smartly designed welding schedule (Ref. 2).
In the last three decades, a significant research activity was dedicated to
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the development of TRIP-assisted steels (Ref. 9). The side effect of enhancing the strength of the steels, a reduction in their ductility, was the driving force for the development of TRIP-assisted steels. In the TRIP effect, mechanically induced martensitation of the retained austenite postponed the necking phenomenon to happen at higher elongations (Ref. 15) . This enhancement of the ductility was first reported for stainless steels in 1967 by Zackay et al. (Ref. 16 ). However, this steel had a rich chemistry of costly alloying elements (Ni and Cr), and thus could not be used in autobodies. The focal points of the researches performed in the last three decades were the alloy design (Refs. 17, 18) , role of alloying elements (Ref. 19) , thermomechanical processing of the alloy (Refs. 20, 21), the relationships between microstructure and mechanical properties of the alloy (Refs. 15, 22) , deformation, and strengthening mechanisms of the alloy (Refs. 23, 24) .
These research activities result in an upgraded knowledge on the TRIP effect, leading to mass production of cost-efficient TRIP steels (C-Mn-Si and C-Mn-Al TRIP steels) with better mechanical performance in contrast to the former TRIP steels. The microstructure of the TRIP steel contains an allotriomorphic ferrite as the matrix containing bainitic ferrite and retained austenite (Refs. 9, 17, 20) . The Si and Al contents of the alloy prevent cementite precipitation during the growth of the bainite, forcing more C into retained austenite. C, which was partitioned from bainitic ferrite, increases the stability of the retained austenite to be stable at room temperature (Ref. 9). The presence of the retained austenite was vital for the TRIP effect; therefore, the alloy design and the thermomechanical processing of the alloy should be designed in such a way to ensure the retention of the austenite normally within a complex microstructure. Thanks to the complex multiphase microstructures, retained austenite and its mechanically induced transformation to martensite, a better balance and synergy of strength and ductility are seen for Fe-C-Mn-Si and Fe-C-Mn-Al systems, suggesting their potential use in autobodies (Refs. 9, 15, 17, 20, 23, 24) . For the latter, it was essential to assess the weldability of the alloy, a standpoint that was not the focus of the research in the aforementioned trials needing critical attention.
In spite of the development, new technologies for spot welding sheet metals, still in conventional resistance spot welding (RSW), was appplied for sheet joining in the assembly lines of the automotive industry. This trend seems to continue for the predictable prospect (Ref. 2). From this standpoint, it was of significant importance to characterize the weld processing, weldability, and mechanical performances of the newly developed TRIP steels during RSW. On the other hand, there were some reports on RSW of TRIP steels with lower strength, such as TRIP600 and TRIP800 (Refs. 3, 25-27); however RSW of higher strength steels, such as 1-GPa grade TRIP steel, need to be assessed. The higher strength in TRIP steels was the consequence of more alloying content and/or more complex thermomechanical processing of the alloy.
These two change the thermophys-
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WELDING JOURNAL / MAY 2018, VOL. 97 158-s ical properties of the alloy, which in turn change the response of the alloy to the RSW process. Therefore, this work aims to characterize RSW of 1-GPa grade TRIP steel to disclose the changes in the alloy response to RSW. The work also tries to study the mechanical performance of the welds, and to characterize the contribution of the thermophysical properties of the alloy on the mechanism of nugget formation and growth in contrast to conventional steels.
Experimental Procedure

Material
A 1-GPa grade TRIP steel was used in the following investigations, as well as welding experiments. The 1.2-mmthick steel was used in the form of galvannealed sheet as the base metal (BM); the coating thickness was about 10 μm - Fig. 1 . The chemical composition of the steel was characterized by ICP-OES (Thermo iCAP 6500 Duo).
The carbon content of the alloy was characterized by a carbon determinator (Eltra CS2000).
The chemical composition of TRIP steel sheets is shown in Table 1 . The results of the tensile experiment of the sheet, which was performed according to ASTM E8/E8M-09, are presented in Table 2 and Fig. 2 .
Welding of the Specimens
The sheets were cut into specimens for the welding process, and then were cleaned properly with ethanol to remove dirt and oil before welding. Welding was carried out using a robotic medium-frequency, direct currentinverter spot welding unit with a 6-mm-tip diameter of dome-shaped CuCr electrodes under a constant watercooling rate of 4 L/min. The temperature of the coolant was 20°C. The welding parameters in this work were the following: 1) welding current, which varied from 4 to 10 kA, with a 0.5 kA step increase; 2) welding time of 16 cycles; and 3) electrode force, which was kept constant at 4 kN. The
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Evaluation of Mechanical Properties
Tensile-shear test (TST) and crosstensile test (CTT) were used to characterize the load and energy bearing capacities, and ductility of the welds. The CTT and TST specimens were prepared according to the ISO 14272:2015(E) standard. The mechanical tests of the welds were performed by strain rate of 2 mm/min at the ambient temperature by a KSTM universal testing machine. The TST and CTT were carried out according to the ANSI/AWS/SAE/ D8.9-97 Standard. The load-displacement curve was the outcome of the mechanical evaluations. Each data point (peak load) was the average of three measurements. The loading conditions and the coupon dimensions for TST and CTT tests are shown schematically in Fig. 4 . After tensile-shear tests, the macrofractographic studies were performed using a stereoscope to determine the failure mode of the welded specimens.
Metallographic Studies
To study the microstructure of TRIP steel and the macrostructure of resistance spot welds, metallographic examinations were performed. After welding, the weld specimens were cut according to the ANSI/AWS/SAE/D8.9-97 standard. In this approach, the cutting was carried out slightly above the weld centerline, and after grinding and polishing; the weld nugget section reached to the front. The specimens were then mounted with a cold-clear mount using a two-component resin. The mounted specimens were prepared following standard metallographic preparation and polished to a 0.05-m diamond paste.
To study the macrostructure of the welds, a 4% Nital etchant solution (96 mL C 2 H 6 O + 4 mL HNO 3 ) was used. Each reported nugget size was the average of three examinations on a cross-sectional view of three welds. Using the following three-step color etching procedure by the LePera etchant (Ref. 28) (30-s etching in Nital (3%), then 5-s etching in HCl (10%), and finally 10-s etching in a solution of Na 2 S 2 O 5 (10 g) in distilled water (100 mL)), the microstructure of the BM was characterized.
Simulations
Due to the special weld geometry of RSW, which makes the weld zone inaccessible, to determine the thermal cycle experienced during RSW and thus the nugget growth mechanism, simulations were performed with a finite element software, SORPAS® (Ref. 29), which has been dedicated to the simulations of RSW processes.
Results and Discussion
Base Metal Chemistry, Microstructure, and Their Weldability Consequences TRIP steel has a complex multiphase microstructure, and Nital etchant is not able to make enough phase contrast in the optical micrographs. LePera color etchant is able to distinguish the different phases existing in the microstructure of the alloy. Figure 5 shows the microstructure of the BM at different magnifications. As mentioned in the figure, the steel contains four phases including a ferritic matrix inducing the fracture elongation and impact resistance of the alloy and the embedded bainite, martensite, and retained austenite reinforcing islands inducing the strength of the alloy. The ferritic matrix and martensite phase, due to its especial morphology, were easy to distinguish in the microstructure; however, the contrast between the bainite and retained austenite was not easy to distinguish using the conventional etching approaches, as these phases show similar colors in the captured micrographs. The color etching approach used in this work was able to distinguish between the retained austenite (white) and bainite
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WELDING JOURNAL / MAY 2018, VOL. 97 160-s The multiphase microstructure of the alloy provides the obstacles for easy glide of the dislocations. The small size and homogenous distribution of the different reinforcing phases reduced the mean free path for the dislocations. These two led to the enhancement of the strength of the alloy, and by postponing the necking phenomenon, enhanced the fracture elongation and toughness of the alloy. Because one of the key factors affecting the mechanical performances of the welds is the sheet metal mechanical properties, it was expected to see the welds with desired mechanical properties as well. Other factors affecting the mechanical responses of the alloy, and in its resistance spot welds, are discussed here to boldface the other links between the metallurgy and mechanical performance of the alloy and its welds. Moreover, the alloy benefits from other strengthening mechanisms are discussed. The rich chemistry of the alloy (see Table  1 ) allows solid solutioning the ferritic matrix in contrast to the plain carbon and conventional steels. Fine homogenous distribution of the reinforcing phases (which have a size distribution in the range of submicron to about 5 m), as is evident in Fig. 5 , activates the grain refinement mechanism of strengthening as well as enhances the density of obstacles for free movement of dislocations. The higher density of the obstacles reduces the mean free path of dislocations, thus postponing the necking phenomenon to occur at higher elongations (Ref. 2).
As mentioned previously (Ref. 9), the TRIP effect (mechanically induced martensitation of the retained austenite during loading) enhances the strength and toughness of the alloy, simultaneously. Utilizing a rich chemistry, different strengthening mechanisms and the TRIP affect the alloy, exhibiting a high strength of 1 GPa and a relatively high fracture strain of 9%, as shown in Fig. 2 . As a consequence, a high toughness and a good crashworthiness were achieved by this complex, multiphase microstructure, suggesting its good potential of application in autobodies. On the other hand, since the base metal microstructure and metallurgy were the first influencing factor on the mechanical performance of the welds, high strength, ductility, and toughness were expected for the welds; an expectation was evidenced by the experimental results , as discussed in the upcoming "Mechanical Responses of the Welds" section.
In spite of the rich alloying content and a smartly designed microstructure of the alloy (which was the consequence of its complicated thermomechanical processing), resulting in an excellent mechanical performance of the alloy, they have two slight effects for the weldability and weld processing of the alloy. Those two are high carbon equivalent and change in the thermophysical properties of the alloy. The carbon equivalent was calculated according to the following formula (Ref. 30) proposed by the International Institute of Welding (IIW)
The carbon equivalent was calculated to be 0.82%. Carbon is an enemy of welding because the weldabilty normally decreases with increasing the carbon content of the steel. Meanwhile, it has been mentioned that the steels with carbon equivalece of more than 0.45 need for caution while welding (Ref. 30 ). On the other hand, the cooling rate during RSW is more than that in other welding processes. The simulations were done for different heat input conditions to predict the heating rate (during the welding time) and cooling rate (during the holding time) of the molten nugget (fusion zone (FZ)) and melt superheat in the welds. As in RSW, the weld nugget was an indication of the heat input, and simulations were done for the nugget sizes of 4.0, 5.0, 6.0, and 6.5 mm, which covers low to high heat input conditions.
The results are presented in Fig. 6 . As is seen in this figure, the heating rates are in the range of 6100°-8300°C /s, and the cooling rates are in the range of 6700°-7300°C/s, depending on the heat input conditions. These cooling rates are too high, encouraging the massive transformation (marten- 
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site formation) and thermally induced stresses in the fusion zone. This fact increases the possibility of the weld defect formation and weld discontinuities induced by the cracking phenomena. Surface-breaking cracks and liquation cracking were the consequences of high thermally induced stress buildups in the HAZ of the welds. The thermally induced stresses have a significant effect on the formation of the mentioned weld defects and discontinuities. In analyzing the simulation results presented in Fig. 6 , and the effect of heat input, it can be said the heating rate increases with the heat input. This means at higher heat inputs, the heating rate induced by resistivity of the alloy was more than the cooling capacity of the water-cooled electrodes.
In other words, at low-heat input conditions, the water-cooled electrodes were able to absorb a higher amount of the heat generated during welding. A reverse trend is seen for the cooling rate; at higher heat inputs, the cooling rate of the molten nugget decreases. At high-heat inputs, the amount of the heat generated and stored between two water-cooled electrodes is too high and thus the watercooled electrodes need more time to solidify the molten nugget. On the other hand, a higher heating rate and a higher heat input for larger nuggets result in more melt superheat (see Fig  6B) , which in turn reduced the cooling rate. Such a high cooling rate (6.7-7.3 k°C/s) and the high carbon equivalent (0.82%) of the alloy indicate the caution was essential for welding 1-GPa grade TRIP steel.
The second consequence of the rich chemistry of the alloy and complex thermomechanical processing of the alloy was the change of the thermophysical properties of the sheets affecting the response of the sheets to the RSW process. Table 4 compares the electrical resistivity, thermal conductivity, and coefficient of thermal expansion of the experimental alloy with those of a conventional steel. These properties have significant impacts on heat/stress generation and concentration during RSW of the alloy. The higher electrical resistivity of the alloy
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On the other hand, the high-heat generation induces more thermally induced stress buildups. These consequences increase the susceptibility of welds to early expulsion, surfacebreaking cracks and liquation cracking. The higher coefficient of the thermal expansion of the alloy results in more thermally induced stress concentration during the heating and cooling stages of the RSW process, which can result in welding defects. The influence of the thermophysical properties of the alloy is discussed with more details in the next section. Figure 7 shows/compares the macrostructures of TRIP and HSLA resistance spot welds. In the macrographs, different zones including the FZ, HAZ, and BM are shown. To compare the macrostructures of the welds, the joints of similar nugget size were selected. In spite of the equal nugget size of the welds, it was evident the TRIP steel weld had more nugget penetration depth (nugget width) in contrast to the HSLA steel weld. This can be attributed to higher electrical resistivity and lower heat conductivity of TRIP steel in contrast to HSLA, resulting in more heat generation, lower heat dissipation, and thus more weld penetration depth.
Macrostructure of the Welds
More nugget penetration depth implies more bond volume/area, ensuring better mechanical response of the welds. The TST results for these two welds indicate TRIP and HSLA steels had tensile shear strengths of 15.8 and 11.3 kN, respectively. It should be noted that the better mechanical response of TRIP steel welds was also in close relationship with the alloy chemistry, microstructure, and BM mechanical properties -see Fig. 2 . These have been discussed in previous sections.
From Fig. 7 , it can be said the HSLA weld had a wider HAZ area and more electrode indentation in contrast to the resistance spot welds of TRIP steel. The wider HAZ in the HSLA sample was related to a higher heat conductivity of the alloy, allowing heat transferring to far away points. More electrode indentation depth in the HSLA weld was attributed to the lower tensile strength of the HSLA sheet in contrast to the tensile strength of the sheet of TRIP steel.
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Nugget Formation and Growth
The changes in the nugget size and shape for the 1-GPa TRIP steel with the welding current are shown in Figs. 8 and 9. It should be mentioned that at welding currents of 9 kA and more, the molten metal was expelled from the molten nugget, indicating too high-heat input conditions.
From Fig. 8 , it can be said a high nugget growth rate at lower welding currents is seen; however, at higher welding currents, the growth rate is low, and at high-heat input conditions, the change in the nugget size is negligible. The trend explained above is seen quantitatively in Fig. 9 . From this figure, it can be said the nugget size follows an r-curve behavior and has a saturation limit. This behavior is discussed with more details later.
It seems the nugget penetration depth also had a saturation limit. Comparing the growth rate of the nugget penetration and nugget size with the welding current, the former has a higher rate, as it obtains its saturation limit at a lower welding current. This can be attributed to the thermophysical properties of the alloy, allowing more heat generation and concentration in the weld zone. Another trend evident in the macrostructure of the welds was the electrode indentation depth, which increases with the welding current. The electrode indentation depth was more at higher welding currents. This can be attributed to the fraction of nonmelted sheets between the water-cooled electrodes to the molten one, and the softening effect happening in the HAZ of the welds.
As mentioned previously, the high strength of the sheet was related to the rich chemistry of the alloy and complex thermomechanical processing of the alloy. More heat generation at high welding currents results in a high temperature buildup in the FZ and thus the HAZ. The simulation results presented in Fig. 6 indicated more heating rates and melt superheats were obtained at higher welding currents. The higher heating rate ensures high-temperature buildup at the HAZ as the cooling capacity of the welding electrodes was constant (the cooling rate of 4 L/min). The higher temperature buildup in the HAZ enhances the thermally induced effects, such as rapid annealing of the worked microstructure and grain growth in the HAZ. The obtained microstructure reduced the strength and rigidity of the HAZ area and nonmelted part of the sheet between the weld pool boundary and electrode/sheet interface, allowing more electrode penetration and thus more geometrical stress concentration. This phenomena, which had a metallurgical origin induced by the thermophysical properties of the alloy, affects the mechanical responses of the welds.
Due to the special geometry of the RSW process, which makes the weld zone inaccessible, simulations were performed to determine the thermal cycle and thermal history experienced during welding and holding times at welding conditions, resulting in a nugget size of about 6 mm. The simulations help to explain the mechanisms of the weld nugget formation, growth, and solidification.
The simulations were done during the welding and holding times - Fig.  10A , B. During the welding and holding times, the water-cooled electrodes transferred the heat from the weld zone; however, during the welding time, the resistivity of the alloy against the current flow was generating the heat, simultaneously. The simulations indicate the temperature at the sheet/sheet interface was more than other places, which indicated the resistance of this interface was more than other bulk and interface resistances. First, the galvannealed zinc coating was melted, as its melting temperature was much lower than the TRIP steel. After this stage, the temperature in the sheet/sheet interface increased. The isotherms in simulation results indicated the heat was producing in this interface during welding, which was transferred outward due to the heat conductivity of the alloy and water-cooled electrode heat conduction. There was a competition between the heat generation induced by the resistivity of the alloy and these heat conductions.
Due to the higher electrical resistivity and lower heat conductivity of the alloy in contrast to the conventional steels (see Table 4 ), the rate of the heat generation was more, resulting in the formation of the fusion zone at lower welding currents (4 and 6 kA were the minimum welding currents for the formation of the molten nugget in the experimental alloy and HSLA steel). The simulation results indicate that only a 7-cycle welding time (0.116 s) was enough for the formation of a molten nugget. Other temperature distribution results at longer welding times indicate that during the welding time, the nugget size and nugget width increased, but the rate of the nugget penetration was more. It seems at the end of the welding time, a balance between the heat generation and heat transfer, mostly by water-cooled electrodes, was obtained, which limited the nugget growth. This balance was obtained at high-heat generation conditions (i.e., the end of the welding time or high enough welding currents); see the nugget diameters for the welding currents more than 7.5 kA in Fig. 9 . This balance can be attributed to the high penetration of the molten nugget, reducing the distance between the fusion boundary and sheet/electrode interface and enhancing the efficiency of the cooling and heat transfer induced by water-cooled electrodes.
It seems at higher-heat input conditions, this balance was obtained faster. In other words, the simulation results indicate a higher nugget penetration depth in the TRIP steel was obtained, which was a key factor in limiting its maximum nugget size, because the higher nugget penetration depth enhances the efficiency of the heat transfer by the water-cooled electrodes. This helps reaching the balance between the heat generation and heat transfer. It was seen that the maximum nugget size before expulsion in the experimental TRIP steel and HSLA steel was 6.5 and 7.2 mm, respectively. This may be an indication of the existence of a critical maximum nugget size for TRIP steel, which was normally smaller than that of conventional steels. This means that at such conditions, the HAZ experiences higher temperatures for a longer time, leading to a softer HAZ facilitating the HAZ softening and liquation cracking, and allowing the expulsion phenomena to occur (Ref. 31). These phenomena limit the final nugget size. Welding parameters leading to such conditions should be avoided to obtain sound welds.
During the holding time, there was no source for heat generation because the electrical current did not pass through the sheet thickness anymore. In this step, the water-cooled electrodes and heat conductivity of the alloy helps transferring the heat from the molten nugget, resulting in its solidification and other consequences such as phase transformations. The simulation results indicate only a 8-cycle holding time was enough to solidify the molten nugget. This means that a very high cooling rate was obtained during the solidification, which affects the microstructure of the FZ. This induces the formation of the massive transformations in contrast to diffusional transformations (Ref. 3) .
Meanwhile, it was seen that the rate of molten nugget solidification in the vertical direction was less than the horizontal one at the beginning of the holding time. The base metal heat conductivity in this direction helps transferring the heat from molten nugget in addition to the cooling induced by the water-cooled electrodes. The solidification direction was induced by the heat conduction direction. Looking at the solidification direction in Fig. 7A , it can be said the rate and direction of the solidification in different locations of the FZ was not similar, and it depends on its vertical distance from the water-cooled electrodes and horizontal distance from the weld pool boundary. The increase in the mentioned distances results in the decrease in the heat transfer and cooling rates. The simulation also indicates the last molten metal was solidified at the center of the nugget, implying greater possibility for the formation of weld defects, such as shrinkage induced porosities and interdendritic pores at this location.
On the other hand, since the alloying elements tend to segregate in the molten metal, it was expected to see richer alloying concentrations at the last weld interface (at the centerline of the weld pool). Although the simulations indicate that only a 8-cycle holding time was enough for the solidification of the molten nugget, after finishing the holding time, the temperature at the last weld interface was still relatively high in the range of 420°-470°C, indicating the possibility of mixed transformation and carbon back diffusion (Refs. 32, 33).
Mechanical Responses of the Welds
The TST and CTT were used to study the mechanical performance of the welds. The loading conditions and the nature of the applied stresses to the weld in these tensile tests were different, aiming to characterize the mechanical performance of the welds at different loading conditions -see Fig.  4 . Although in both loading conditions, the mixed (tensile and shear) stresses were applied on the FZ; however, in the TST loading condition, the shear stresses, and in the CTT loading condition, the tensile stresses were dominant. In real loading for autobodies, or in a crash event, the tensile and shear stresses were applied on the resistance spot welds together; therefore, it was of significant importance to characterize the mechanical performances of the welds through TST and CTT tests, simultaneously. Figure 11 presents the experimental results, showing the load-displacement curves of the welds in the TST loading condition at different welding currents. To analyze the mechanical performance of welds, the load-displacement curve should be analyzed. Similar to the stress-strain curve, which presents the strength, ductility, and toughness of the material tested,
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WELDING JOURNAL / MAY 2018, VOL. 97 166-s the following equivalent information can be obtained from load-displacement results: 1) the peak load (P Max ), which is the maximum load the weld endures and is an indication of the weld strength, and 2) the corresponding displacement for P Max (L Max ), which is an indication of weld elongation. Unlike the tensile test, the displacement after P Max (the necking point in the stress-strain curve) is not only for the weld, and it had some contribution of the sheet metal displacement as well.
In other words, it had some dependences that were not related to the weld and 3) failure energy (W Max ) at P Max , which was an indication of toughness and energy absorption capacity of the weld, and measured by calculating the area under the loaddisplacement curve up to P Max (Ref. 31) . A simultaneous increase in P Max and L Max results in an increase in W Max , indicating more energy absorption capacity and thus more crashworthiness (Ref. 13) in a crash event. Figure 11 indicates an increase in the welding current and nugget size increases P Max , L Max , and thus W Max . Table 5 presents more information regarding the welds, including their failure mode and susceptibility to the expulsion phenomenon. At low welding currents of 4.0 and 4.5 kA, the metallurgically bonded area induced by welding were not so strong, crack propagated through the FZ, and the welds failed by IF mode -see Fig. 12A .
As is seen in Fig. 11 , the IF failure mode has a very low energy absorption capacity (W Max ) and thus fails very fast. From this standpoint, this failure mode was not accepted in the quality control tests. At higher welding currents and thus larger nugget size, a failure mode transition from IF to PF mode was seen. The transient state is for the specimen welded at 5.0 kA, which fails by the PIF mode - Fig.  12B . At higher welding currents, up to the expulsion current, higher P Max , L Max , and W Max were obtained with mostly the PF mode, indicating more reliability of the welds - Fig. 12C . The adverse effect of the expulsion on the mechanical behavior of the welds, which is clearly seen in Fig. 11 , had been well documented in Ref. 31 .
From Fig. 11 , it can be concluded that the specimen welded at 8.5 kA presents the best mechanical performances in TST, which presents much better mechanical responses than similar works (Refs. 3, 4, [25] [26] [27] 34 ). Comparing the current work and previous works (Refs. 3, 4, [25] [26] [27] 34) , it can be said that the maximum nugget size before expulsion was bigger. The better mechanical performance of the welds in the current work seems to be related to the higher strength of the sheet (which in turn is the consequence of its multiphase microstructure and chemistry), and larger nugget size and nugget penetration depth, which enhance the metallurgically bonded area between the sheets. It also may be an indication of the good selection of the welding parameters.
Another factor was the microstructure of the welds, which was not the subject of the current work, and the subject of our future publication. In spite of the good mechanical performance of the welds, in all welding conditions, the button size was not big enough and mostly smaller than the nugget size. This trend, which was against the trends observed for conventional steels and even for TRIP steels with lower strength, could be the subject of a new research. Resistance spot welding at higher welding currents (9.0 kA and more) results in the expulsion of the molten metal from the molten nugget - Fig. 12D . The expulsion was an indication of unacceptable high-heat input conditions, determining the upper limit of the acceptable welding currents (Ref. 31 ). Looking at Figs. 9 and 11, it can be said that in spite of the larger nugget at a welding current of 9.0 kA, in contrast to a welding current of 8.5 kA, the latter exhibits better mechanical response and reliability. Although the specimen welded at 9.0 kA has a larger nugget, the molten metal expulsion from the nugget increased the electrode indentation depth, enhancing its geometrical stress concentration and thus early failure of the weld.
Meanwhile, a small button at a welding current of 9.0 kA implies the crack followed a shorter path to lead to the weld failure in contrast to the specimen welded at 8.5 kA, which had a larger button - Fig. 12C , D. Moreover, it seems that the higher heat input activates the thermally affected processes, such as grain growth and the HAZ softening phenomena, encouraging the formation of the weld defects, which need to be studied in more detail.
Other results obtained from TST indicate the welding current and thus the weld nugget size was the main affecting parameter on the tensile-shear strength (peak load) and elongation at P Max -Figs. 13 and 14. Because the welding current was the only variable of the research, the final nugget size was controlled by this variable - Fig.  9 . Therefore, it can be said that higher welding current (up to the welding current just before expulsion) results in more heat generation and consequently larger nugget size. A larger nugget was an indication of the larger metallurgical bonds persisting against the applied load during mechanical testing. Special thermophysical prop-
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The results indicate that the larger nuggets result in larger button pullouts and longer crack propagation paths. Since throughout the tensile test the welds were absorbing energy, the larger nuggets resulted in more load bearing and energy absorbing capacities or larger P Max , L Max , and W Max . This discussion shows the contribution of the metallurgical bond on the mechanical response of the welds. As seen in Figs. 13 and 14 , the expulsion phenomenon results in a decrease in the P Max , L Max , and thus W Max . As discussed before, the decrease was attributed to excessive heat input and related phenomena, as well as the weak microstructure and stress concentration factors.
The results mentioned above were for TST loading conditions, which the applied stresses to the FZ were mainly shear-type in nature. To study the responses of the welds to the mainly tensile stresses, the welds were subjected to CTT, too. Figure 15 shows the dependence of the peak load (P Max ) in CTT to the welding currents and thus weld nugget size. The trend in CTT was the same as TST; an increasing trend was seen for both. But the P Max of CTT was much lower than that of TST.
The ductility ratio, which was calculated by dividing the peak load in CTT (cross-tension strength (CTS)) to the peak load in TST (tensile-shear strength (TSS)) and an indication of the joint ductility, shows this fact clearly - Fig. 16 . As seen in this figure, the ductility ratio was less than 0.4. This means the response of the joints to the mainly tensile stresses was not good enough. This was the slight effect of the changes in the thermophysical properties of the alloy in contrast to the conventional steels. The special thermophysical properties of the experimental alloy result in rapid heat generation and its long durability in the HAZ. These two help formations of the coarse-grained microstructures, weld defects and softening, and embrittling phenomena, especially at high-heat input conditions. These consequences, which are normally the microstructural heterogeneities from the mechanical standpoint, were mechanical inhomogeneities and discontinuities, and thus produce the stress concentration factors.
On the other hand, electrode indentation depth increases with the heat input. As in CTT, the nature of the applied stresses was mainly tensile in nature. The stress concentration factors facilitate the fracture and result in early fracture of the welds with low load bearing and energy absorbing capacities. This seems to be the cause of the low ductility ratio, as was seen in Fig.  16 . As the expulsion phenomenon enhances the geometrical stress concentration factor in the welds, in addition to the above mentioned consequences of the high-heat input conditions, very low CTS and ductility ratios at the expulsion current were expected. Comparing Figs. 15 and 16, CTS experienced an increasing trend while the ductility ratio experienced a decreasing trend after obtaining its maximum value. This may be an indication of formation of stress concentration factors after the welding current of 7.0 kA, and the decreasing trend may be an indication of the increase in the number of the stress concentration factors.
This discussion indicated the importance of studying the defectology while RSW of 1-GPa TRIP steel, which will be the subject of our next publication. Enough supporting evidences for the formation of weld defects/inhomogeneities and weld discontinuities, especially at high-heat input conditions, have been collected that can be the subject of the future publication of the research group. Comparing Figs. 13, 15 , and 16, it can be said that because of different loading conditions in TST and CTT, these stress concentration factors were hard to activate while in TST. Due to mainly tensile stresses, they were activated easily in CTT loading conditions, resulting in lower peak loads in CTT in contrast to TST.
Conclusions
It was of significant importance to assess the weld processing, weldability, and the mechanical responses of the welds of the newly developed 1-GPa grade TRIP steels. The alloy had a high carbon equivalent of 0.82%, implying the need for caution while welding the alloy. Meanwhile, the rich chemistry, special, and complex thermomechanical processing of the alloy results in changes to its thermophysical properties and thus its response to the resistance spot welding process. The simulation results indicate a high cooling rate (more than 6700°C/s) was experienced during the resistance spot welding of the alloy. The results demonstrate that a higher nugget penetration depth was obtained in the steel in contrast to the equal nugget size in conventional steel, enhancing its mechanical performances.
The maximum nugget size before expulsion in the experimental TRIP steel and HSLA steel was 6.6 and 7.2 mm, respectively. This, which seems to be in relation with the higher nugget penetration depth, may be an indication of the existence of a critical maximum nugget size for the advanced high-strength steels. The higher nugget penetration depth helps reach the balance between the heat generation and heat transfer by the watercooled electrodes.
It can be said the size and geometry of the fusion zone was the most important factor affecting the mechanical performance of the welds. However, in resistance spot welding of TRIP steel, the contribution of the nugget penetration depth was more significant in contrast to the conventional steels. Meanwhile, the higher strength of the alloy helps prevent the electrode indentation, leading to the better mechanical responses of the weld.
The first author wishes to thank the Dezful Branch, Islamic Azad University, for its support. The authors would also like to thank all editors and reviewers for their valuable comments in the development and improvement of this paper. 2. Ashiri, R., Shamanian, M., Salimijazi, H. R., Haque, M. A., Bae, J.-H., Ji, C.-W.,
